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ON THE COMPUTATIONAL COMPLEXITY OF STOCHASTIC SCHEDULING PROBLEMS

Michael Pinedo

Georgia Institute of Technology

ABSTRACT
\
In this paper we consider stochastic scheduling models where all
relevant data (like processing times, release dates, due dates,
etc.) are independent random variables, exponentially distributed.
We are interested in the computational complexity of determining
optimal policies for these stochastic scheduling models. We give
a number of examples of models in which the optimal policies can
be determinel by polynomial time algorithms while the determinis-
tic counterpzris of these models are NP-complete. We also give
some examples of stochastic scheduling models for which there
exists nc peoirmomial time algorithm if P # NP. /
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1. INTRODUCTION

In the last cecade deterministic scheduling problems have received

substantial attention. Two directions have always been very im-

portant in the investigation of a deterministic scheduling prob-

lem, namely:

(1) The szavch for algorithms that determine the optimal sequence
efficiently, preferably in polynomial time. !

(ii) The investigation of the computational complexity, i.e. deter-
mining whether or not the problem is NP-complete.

This research has yielded many results. An excellent survey can

be found in Graham, Lawler, Lenstra, Rinnooy Kan (3). WNoting

that the deterministic distribution can be considered as a special

case of an arbitrary stochastic distribution, many of these results

can provide a key to the structure of the more general stochastic

scheduling problems. Another special distribution is the exponen-

tial distribution. Stochastic scheduling models with exponentially !

distributed data (like processing times, release dates, due dates,
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; etc.) usually have a very nice structure, tgo.

In this paper whenever we refer to a specific stochastic
scheduling problem we assume, unless otherwise specified, a prob-
lem with all data independent expomentially distributed. Of
these scheduling models the objective functions usually have to
be minimized in expectation. Our goal is either to obtain good
(i.e. polynomial time) algorithms for determining the optimal
policies within specific classes of policies or to show that no
fast algorithms exist (assuming P # NP). We believe that it may
be of interest to compare the computational complexity of these
stochastic scheduling problems with the computational complexity
of their deterministic counterparts. TFor a number of models the {
algorithms that determime the optimal policies in the determinis-
tic and the stochastic versions are equally good. Examples of
such models are FZIIE(Cmax) and JZI](Cmax) where in the determin-
istic as well as in the stochastic version the algorithms are
0(n log n). Tor some models there is a better algorithm for the
deterministic version; an example is OZIIE(Cmax) where the algo-
rithm for the deterministic version is O(n), while the algorithm
for the stochastic version is not as fast (see (11)). 1In Section
3 we give scme examples of models of where the deterministic ver-
sion is NP-cooplete and the stochastic version is very easy.

This paper is organized as follows: In Section 2 we give a
short descrirtion of various classes of policies, formulations of
stochastic scheduling problems as Markov Decision Processes, le-
vels of complenity and how to determine the complexity of these
stochastic scrneduling problems. In Section 3 we present six mo-
dels, exhibiting NP-completeness in the deterministic version, but
having polyanaial time algorithms in the stochastic setting. 1In
Sectiocn 4 we present two examples of stochastic models for which
we can show that there exists no polynomial time algorithm to
determine the optimal policies (assuming P # NP). In Section S 5
we discuss in which directjion we intend to continue this research.

2. COMPLEXITY OF STOCHASTIC SCHEDULING PROBLEMS
In this section we first discuss three classes of policies. Af-
terwards we explain how we intend to investigate the computational

complexity of determining optimal policies in any of these classes.

2.1. Classes of Policies

The first class of policies is the class of static policies.
Here the decision-maker decides at t = O what his policy will be
during the process; he is not allowed to make any subsequent
changes. The optimal policy in this class often (but not always)
prescribes a "list" schedule, i.e. whenever a machine becomes




idle, the decision-maker starts processing the next job on the
list independent of the state of the system at that moment, Con-
sider the following example: llpJ exp(l), exp(p )IE(Z w:U.).

As the processing times of all the jobs are exponentlally distri-
buted with mean one, the expected penalty caused by a particular
job not meeting its due date only depends on the number of jobs
that are to be processed before this one. Determining the opti-
mal policy in the class of static policies reduces easily to a
(deterministic) assignment problem. By solving this assignment
problem the decision-maker obtains a list in which to process the
n jobs. Determining the optimal policy in the class of static
policies usually is equivalent to a deterministic problem. Hence,
in determining whether or not this can be done in polynomial time,
techniques similar to those used for deterministic scheduling
problems can be used. Examples in Section 4 illustrate this
point. Determining the optimal static policy is important be-
cause this optimal policy may be related to the optimal policy in
another class of policies.

The second class of policies is the class of nonpreemptive
dynanie policies. These can be described as follows: Under such
a policy the decision-maker is allowed to determine his actiom at
specified decision moments (e.g. when a job has finished its pro-
cessing on a machine) making use of any newly available informa-
tion. However, he is not allowed to interrupt the processing of
any job already started.

The third class of policies is the class of preemptive dyna-
miz policies. These are similar to our second class of policies,
but now the decision-maker 7s allowed to interrupt the processing
of any job at any time. Experience seems to show that determining
the optimal pelicy in the class of preemptive dynamic policies is
usually easisr than determining the optimal policy in the class of
nonpreemptive dynamic policies.

2.2 Markov Decision Processes and Levels of Complexity

A stochastic scheduling problem with all data exponentially dis-
tributed and in which the decision-maker is allowed at every
decision moment to take all available information into account
can be described as a Markov Decision Process in continuous time
with a finite state space, finite action space and one absorbing
state. It is a well known fact that for these MDP's there exists
an optimal stationary policy.. This formulation as an MDP can be
done for the preemptive as well as.for the nonpreemptive case.

For these MDP's we will make a distinction between three
levels of complexity. Firstly, the ideal situation would be to
have an algorithm that determines the optimal actions for all
states simultaneously in polynomial time. Secondly, for some




problems there may be an algorithm that determimes the optimal y'
action in any arbitrary state in polynomial time, but that can-

not determine the optimal actions in all states in polynomial

time (the nunber of states often grows exponentially with the

size of the problem). However, one has to keep in mind now that
during its realization the process, from beginning to end, usually
visits only a limited number of states, a number that usually is
polynomial in the size of the problem. So, if the decision-

maker has an algoritim that determines the optimal action in an
arbitrary state in polynomial time and the number of times he

uses this algorittm is polynomial in the size of the problem, the
total number of computations the decision-maker has to perform
during the process is still polynomial in the size of the prob-
lem. Gifford (2) has developed an algorithm for a stochastic
scheduling problem where this is the case. Thirdly, for some
problems it may not even be possible to develop an algorithm

that determines the optimal action in an arbitrary state in poly-
nomial time. The examples of Section 4 are of this kind.

2.3. Determining the Computational Complexity

We present hers two approaches that may be useful when trying to
determine the computational complexity of stochastic scheduling
problexs.

(i) For—ulztiom of the Markov Decision Process as a Linear
Progrgm. It 1z a well known fact that determining the optimal
actions in an XD? can be done via Linear Programming. It has
been shown recsatly that there exists a polynomial time algorithm ,
to solve an 12 (5). This, of course, does not imply that there

exists a polimcaoial time algorithm to determine the optimal
actions in zli: states of an MDP, as the transformation from the
MDP into an 1.2 may not be possible in polynomial time. For most
scheduling problems the size of the LP (the number of variables
and coastraints) grows exponentially in the size of the problem.
However, this does nof imply that there does not exist a poly-
nomnial time algorithm for the scheduling problem. So this ap-
proach appears to be useful only when the size of the LP grows
polynomially in the size of the scheduling problem, because then
we know we have a polynomial time algorithm. The following ex-
ample illustrates this: Consider m machines and n jobs with pre-
cedence constraints. These precedence constraints have the form
of ¢(c > m) chains. The jobs have arbitrary independent exponen-
tial distributions, not necessarily identical. This MDP can be
formulated as an LP for which it can be shown that, when c is
fixed, the number of variables and constraints increase polyno-
mially in n. So there exists an algorittm for determining the
optimal actions that is polynomial in n. For the deterministic
counterpart of this problem one can find easily an algorithm,
based on dynamic programming, that is polynomial in n.




(ii) Relating Optimal Dynamic Policies with Optimal Static
Policies. Determining whether the optimal static policy can be
found in polynomial time is relatively easy, as this is basically
a deterministic problem that can be approached with conventional
techniques. Determining whether the optimal actions of an MDP
can be found in polynomial time tends to be harder. However, it
is possible to find special circumstances in which the optimal
actions in a subset of the states have a specific one-to-one
correspondence with the optimal list in the static problem. 1In
case the optimal static policy cannot be determined in polynomial
time we know that, if we indeed can establish a certain relation-~
ship between the actions of an optimal dynamic policy and the
list given by the optimal static policy, the optimal dynamic
policy cannot be determined in polynomial time either. The two
examples of Section 4 illustrate this.

3. EXAMPLES QF STOCHASTIC SCHEDULING PROBLEMS THAT ARE EASY

In this section we discuss six models; the deterministic versions
of five of these models are known to be NP-complete. Of the re-
maining one the complexity has not yet been determined, but the
problexm zppszrs to be not too easy. The stochastic versions, with
processing tines exponentially distributed, of all of these models
turn out to be very easy to analyze.

3.1. Pl]C s znd its Stochastic Counterpart

In this model n jobs have to be scheduled on m identical parallel
machines in order to minimize the makespan. Karp (4) showed that
the deterministic version of this problem is NP-complete. Sey-
eral researchers showed independently that when the processing
times ara expconentially distributed the Longest Expected Proces-
sing Time first (LEPT) policy minimizes the expected makespan.
This LEPT policy is optimal in all three classes of policies dis-
cussed in Section 2.

-~

3.2, P2lras llcmax and its Stochastic Counterpart

In this model we have two machines and n jobs. There is one
resource of which there is an amount s. Job j needs when being
processed an amount s; of this resource. At any time during the
process the total amount of resource needed by the two jobs being
processed, may not be larger than s. It is clear that there is no
polynomial time algorithm for the deterministic version of this
problem, as there exists no polynomial time algorithm for p2| |
Cnax- Pinedo (13) considered the problem with exponentially dis-
tributed processing times. He assumed the following agreeability
condition: Whenever for any two jobs 1/iy > 1/X; then s; 2 sj.

A nonpreemptive policy was shown to be optimal in all three classes
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of policies. This nonpreemptive policy can be determined in
0(n log n) time.

3.3. Eigj = dIZ ijj and its Stochastic Counterparts

In the deterministic version of this model we have n jobs, all
with the same deadline. If job j does not meet this deadline the
decision-maker incurs a penalty wis. This problem is equivalent
to the knapsack problem and therefore NP-complete (see Karp (4)).
Of the stochastic version there are two variants: Firstly, all
deadlines are i.i.d. random variables with arbitrary distribution
(not necessarily exponential). Secondly, all jobs have the same
deadline and this deadline is an arbitrarily distributed random
variable.

Derman et al (1) have shown that in order to minimize the
expected objective in all three classes of policies for the second
variant the decision-maker has to order the jobs in decreasing
order of wjXj where 1/)j is the mean of the exponentially distri-
buted processing time of job j. Pinedo (12) showed that for the
first variant the same policy minimizes the expected objective in
the class of static policies.

3.4. _P_]_dj

This model is

alc Uj and its Stochastic Counterparts

similar to the model discussed in 3.3. The only
s in the fact that instead of one machine we now

2s in parallel. 1t is clear that there exists no
polyncmial tiz2 algorithm for the deterministic version of this
problem eithar. Of the stochastic version with exponentially
distributed processing times there are again two variants: First-
ly all deadiinzs are i.i.d. random variables with arbitrary dis-
tribution (nct necessarily exponential). Secondly, all jobs have
the same deailine and this deadline is an arbitrarily distributed
random variatle. Pinedo (12) has shown that for the first var-
iant the policy that schedules the task in increasing order of
their expected processing times minimizes the expected objective
in the class of static policies provided the distribution func-
tion of the deadline is concave. He also showed that for the
second variant the same policy is optimal in all three classes
of policies, again provided the distribution function being
concave.

difference

3.5. 1|d4 = d|z ij4 and its Stochastic Counterparts
J —J

In the deterministic version of this model all jobs have again
the same deadline. If job j does not meet the deadline the
decision-maker incurs a penalty wjTj( = wj(Cj-dj)). The computa-
tional complexity of this problem has not yet been determined, but
Lawler and Moore (8) developed a pseudo-polynomial algorithm for
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this problem. Again two variants have been considered for the
stochastic version. Firstly, all deadlines are i.i.d. random

variables, with arbitrary distribution. Secondly, all jobs have
the same deadline with arbitrary distribution. Pinedo (12)
showed that for both variants the optimal policy in the class of
static policies instructs the decision-maker to schedule the jobs i
in decreasing order of wjAj. This policy is also optimal in the §
class of dynamic policies for the second variant. In (12) more :
. general models are discussed; models where the distributions of
3 the deadlines are not identical but "agreeable" in the following
sense: whenever wjAj > wyA; the distribution of the deadline of
job j is stochastically smaller than the distribution of the
] deadline of job i.

3.6. 1lpmtn, r .|z WjCj and its Stochastic Counterpart
3 A

In the deterministic version there are n jobs released at given
release dates and the sum of the weighted completion times has to
be minimized. Labetoulle et al (6) have shown that this problem
is NP-complete. Pinedo (12) considered the stochastic version
where the release dates have an arbitrary joint distribution. The
? class of presoptive dynamic policies was considered. 1In this
class the following policy was shown to be optimal: At any point
in time, of the jobs that already have been released the one with
the highest value of wjAj is released, the machine has to be pre-
empted and this new job has to be put on the machine.

3.7. Additional Remarks

3 (i) In the stochastic models of 3.3 and 3.5 it is possible to
include release dates in such a way that the optimal preemptive
dynamic polizy still can be determined easily. Consider for
example the following extension: All due dates are identical and
the release dates may be any combination of time epochs prior to
this due date.

(ii) Gifford (2) considered the models of 3.2 and 3.3 with due
dates nonidentically exponentially distributed. He developad
algorithms which in some cases are polynomial time, in other
cases not.

(iii) There are of course more models of which the deterministic
version is NP-complete and for which in the stochastic setting
there exists a polynomial time algorithm. Pinedo (10) and Weiss
(14) considered a problem in reliability theory where this is the

case.




4. EXAMPLES OF STOCHASTIC SCHEDULING PROBLEMS THAT ARE HARD

In this section we present two examples of stochastic scheduling
problems for which we can show that, if P # NP, no polynomial

time algorithm exists to determine the optimal policies in any

of the three classes of policies mentioned in Section 2. 1In our
approach we follow the method described in Section 2, i.e. we
first prove that the static problem cannot be solved in polynomial
time, after that we show that there exists a one-to-one correspon-—
dence between the optimal list of the static problem and the opti-
mal actions of an appropriately chosen subset of states in the
preemptive or nonpreemptive dynamic problems. We will not give
rigorous proofs in this section, as the technical details are
rather lengthy; the complete proofs will appear elsewhere. In
both examples precedence constraints play an important role; with-
out these precedence constraints the problems are easy. The first
example is a rather straightforward extension of a deterministic
result. Tha second example is more complicated.

4.1 1lprec, p.~exp(1) |[ECE w.gj)
~J 373

In this model we have one machine and n jobs, each of these jobs
having a processing time exponentially distributed with mean one.
There are pracedence constraints which may have an arbitrary form.

The expected sum of the weighted completion times has to be mini-
mized. Lazuwler (7) considered the case where all the jobs have
identical deterministic processing times, i.e. l‘prec, ps = 1}
L wiC5. EHe showed through a reduction from LINEAR ARRANGEMENT
e o s . .
that this problem is NP-complete even if w;e{1,2,3} for all j.
One can show that changing the processing times of the jobs from
deterministic with mean one to exponential with mean one does

not change th2 optimal sequence of the jobs and that this sequence
is an optim2! policy in all three classes of policies. This im-
plies that, if P # NP, there exists no polynomial time algorithm
to determine the optimal policy for this stochastic scheduling

problen.

4.2, 1§prec, o.~exp{p), d.~exp(p4)‘E(2 u.).
~J -] J I

We have again one machine and n jobs. Job j has an exponentially
distributed processing time with mean 1/p and an exponentially
distributed due date with mean 1/u;. There are precedence con-
straints and the expected number o% jobs overdue has to be mini-
mized. We first will show that finding the optimal static golicy
cannot be done in polynomial time. Suppose job j is the k'8 job
to be processed. The probability that job j will not meet its
deadline is 1 - (p/(p+uj))k. Now let 1/u; >> n/p for all j. The
probability that job j will not meet its geadline is then approx-
imately u;-k/p. The objective to be minimized is the expected
number of jobs that do not meet their deadline; this may be




approximated by I u;-E(Cj) where E(Cj) is the expected completion
time of job j. This objective, however, after replacing y; with
. e . ' < . . J
wsi, is identical to Lawler's objective in the problem 1|prec,
Ej~exp(p)lE(X U:), when lluj >> n/p for all j, results in a se-
quence that is identical to an optimal sequence in Lawler's
liprec, pj = 1|Z wjCj. This implies that the optimal static pol-
icy cannot be determined in polynomial time.

Before investigating the optimal dynamic policies for llprec,
pj~exp(p)|E(Z Uj), we consider the following model, which at first
§ight may seem unrelated: We have one machine and n jobs witl
identical deterministic processing times of one time unit. Of
only one of these jobs a due date will occur during [0,n]; of n-1
jobs no due date will occur. The due date will be job j's with
probability g;. This due date is uniformly distributed over
[0,n]. There are arbitrary precedence coustraints. The objective
is to maximize the probability that no job will be overdue. It
can be shown that the optimal static policy in this model is
equivalent to an optimal sequence in Lawler's deterministic prob-
lem 1|prec, 23 = 1|Z wiCy (the qj's play the role of the wj's).

It can also be shown that this optimal static policy is also op-
timal in the classes of preemptive and nonpreemptive dynamic pol-
icies. In the following paragraph we will refer to the above
model as the Cne Due Date Model.

¥ew wz ccasider the dynamic versions of 1|prec, pi-exp(p),
qj~exP£u4}?E(Z Uj). Let I uy = @, where a is small aﬁa an/p is
very sma:l. Making the rates uj,i=l,...,n small has the follow-
ing two effects: Firstly, the event of any due date occurring
during the tiz= needed to process the n jobs has a very low pro-
bability. S=condly, if a due date does occur, the time it occurs
is approximately uniformly distributed over [0,T), where T is the
randem time nceded to process all jobs. It can be shown that,
for n sufficiently large, the probability of no due date occur-
ring during {Q,T] is 1 - on/p + 0((on/p)“), the probability of
one due date occurring is on/p + 0((en/p)2) and the probability
of two or more due dates occurring is Q({on/p)“). The problem
can be formulated as an MDP in continuous time; optimal actions
have to be determined in all possible states, a state being char-
acterized by the set of jobs already processed and the set of due
dates already occurred. It can be shown through some rather
technical bounding arguments that in order to determine the opti-
mal action in a state one may base one's decision solely on the
event of exactly one due date occurring in the remaining time
needed to finish the process. This is intuitive as in the case
of no due dates occurring any sequence would be optimal, and the
probability of two or more due dates occurring is very small in
comparison with the probability of one due date occurring. But
the problem conditional on one due date occurring is approximately
equiyalent to the One Due Date Model. Suppose the optimal job
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sequence for the One Due Date Model is j1-32+---,3n (which repre-
sents simultaneously the optimal static policy as well as the op-
timal preemptive and nonpreemptive dynamic policy) then it can be
shown, through bounding arguments, that when the MDP is in a
state with jobs j1,32s...,jk finished and all due dates still to
come, the optimal action is to start job Jy4j- Now one can rea-
son that if there exists a polynomial time algorithm to determine
the optimal actions in the states of the MDP there also exists a
polynomial time algorithm for model M. As, if P # NP, there
exists no polynomial time algorithm for model M, there does not
exist a polynomial time algorithm for the MDP either.

5. CONCLUSIOXN

This paper should provide an indicatiom of the direction in which
we are currently working. To this extent, it constitutes a sort
of progress report. Presently, we are dealing with stochastic
scheduling problems with due dates; this research is far from
complete. However, Gifford (2}, as suggested before, has ob-
tained scme interesting results with regard to algorithms for
these problems. The following aspects of these due date prob-
lems are currearly under investigation: The influence of proces-
sing time distributions other than exponential (we are thinking
here mainly of distributions with a Decreasing Failure Rate (DFR)).
In additiczn, cze influence of special classes of precedence con-
straints, naczely series-parallel (see (7)) or chains (see (8)) is
also worthy of investigation as well as the development of bounds
on the expectai values of the objective functions when processing
times are expoaential.
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